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ABSTRACT During neuromuscular synaptogenesis, the exchange of spatially localized signals between nerve and muscle
initiates the coordinated focal accumulation of the acetylcholine (ACh) release machinery and the ACh receptors (AChRs). One
of the key ﬁrst steps is the release of the proteoglycan agrin focalized at the axon tip, which induces the clustering of AChRs on
the postsynaptic membrane at the neuromuscular junction. The lack of a suitable method for focal application of agrin in
myotube cultures has limited the majority of in vitro studies to the application of agrin baths. We used a microﬂuidic device and
surface microengineering to focally stimulate muscle cells with agrin at a small portion of their membrane and at a time and
position chosen by the user. The device is used to verify the hypothesis that focal application of agrin to the muscle cell mem-
brane induces local aggregation of AChRs in differentiated C2C12 myotubes.
INTRODUCTION
The adult neuromuscular synapse is characterized by a high
density of acetylcholine receptors (AChRs) on the postsyn-
aptic muscle cell membrane (1,2). Despite decades of re-
search, the process by which AChRs aggregate (cluster) at
the site of contact between the nerve and the muscle cell is
still not fully elucidated. A key signal for AChR clustering is
the release of agrin by the axon terminal as the growing axon
arrives at the muscle cell membrane during development
(2–4). However, the exact role of neural agrin is still not clear
since AChR clusters have been found in the embryo in the
absence of innervation (5–8) as well as in pure myotube
cultures (9–12), which indicates that signals other than
neural agrin can trigger the mechanism that leads to AChR
cluster formation. The relative role of these agrin- and nerve-
independent clusters as compared to the agrin-induced
clusters is, for lack of quantitative methods, unknown. As
synapse formation plays a critical role in the correct devel-
opment of the organism, experimental manipulation of agrin
in vivo has been difﬁcult. Therefore, the effects of agrin have
been most often studied in vitro—usually in cell cultures of
myotubes. In these experiments neural agrin is seen to induce
aggregation of AChR as well as other molecules associated
with the postsynaptic apparatus (3,13). Most of these studies
have relied on bathing the entire surface of the myotube with
agrin-containing solution (13), which induces the forma-
tion of AChRs clusters at multiple random locations. When
myotubes are exposed to agrin only locally—using agrin
released by nerve cells or expressed by CHO cells (1,14–16)
or adsorbed agrin micropatterns (17,18)—AChR clusters
form preferentially on the agrin-stimulated sites. Although
these methods provide useful models for studying synapto-
genic molecules, such focal presentation of immobilized
agrin on randomly organized myotubes (1,14–18) suffers from
an inherent uncertainty in the presented concentrations and
lack of control over the time, duration, and/or location of the
agrin stimulus.
Here we attempt to mimic the presence of the neuron in the
ﬁrst stages of the formation of a neuromuscular synapse by
inducing localized AChR clustering using laminar ﬂow (19)
in a microﬂuidic device to deliver agrin at a precise location,
time, and dose onto C2C12 myotubes. We set the delivery to
occur at a physiologically relevant time after C2C12
myoblasts have fused into myotubes displaying normal
agrin-independent AChR clusters. The myotubes are spa-
tially organized on microengineered substrates so as to be
parallel with each other and to have approximately the same
length and width. After the center portion of the myotubes is
exposed to agrin, AChR clusters form only at the agrin-
stimulated areas. Thus, our results corroborate the prevailing
hypothesis that focalized stimulation of the muscle cell mem-
brane with agrin induces AChR clustering at the stimulated
site and provides a useful tool for further studies on AChR
clustering. The experimental setup is amenable to quantita-
tive design of the spatiotemporal microenvironment of
the cells and produces rich statistics by stimulating many
myotubes simultaneously.
MATERIALS AND METHODS
Device fabrication and operation
The microﬂuidic device used in this study consists of a set of elastomeric
channels assembled on top of a glass slide as previously described (20).
Brieﬂy, it was formed of two orthogonally connected ﬂuidic networks, one
consisting of three inlet channels converging into a 2-cm-long, 1500-mm-wide,
and 250-mm-high main channel and the other one consisting of 16 51-mm-
wide and 40-mm-high perfusion channels that intersect with the main channel
(Fig. 1). The devices were made by replica molding in poly(dimethylsilox-
ane) (PDMS) (21). The PDMS replicas were cured overnight at 65C and
Submitted September 20, 2005, and accepted for publication December 8,
2005.
Address reprint requests to Albert Folch, E-mail: afolch@u.washington.
edu.
 2006 by the Biophysical Society
0006-3495/06/03/2192/07 $2.00 doi: 10.1529/biophysj.105.074864
2192 Biophysical Journal Volume 90 March 2006 2192–2198
autoclaved. The master molds were fabricated by two-layer photolithogra-
phy of the photoresist SU-8 2035 (for Layer I) and SU-8 2100 (for Layer II)
(MicroChem, Newton, MA) according to the manufacturer’s datasheets. The
three converging inlet channels and the perfusion channels were deﬁned in
Layer I; the main channel was deﬁned in Layer II. This two-layer archi-
tecture effectively adds high ﬂow resistance, which serves the purpose of
minimizing the sensitivity of ﬂow rates to ﬂuctuations in driving pressure
while allowing for a relatively large chamber (the main channel) for the cells
(20). After the cells mature within the microﬂuidic channels (placed inside a
traditional cell culture incubator), ﬂow in the x direction is blocked and ﬂow
in the y direction is started using the three inlet channels (Fig. 1 C). Flow
in the devices was driven by gravity using constant ﬂow syringes (CFS)
(Warner Instruments, Hamden, CT) that contained gas- and thermally equil-
ibrated cell culture medium as described (20). The stability and the width of
the agrin stream were monitored by addition of the food-coloring dye Allura
(2.5 mg/mL) (Sigma-Aldrich, St. Louis, MO) to the agrin-carrying stream
(we have not observed any obvious toxicity effects derived from the expo-
sure of the myotubes to the food dye). The supplemental movie (phase-
contrast) demonstrates the high stability of the ﬂows in the device over a 2-h
period with images acquired every 2 min. The Allura stream appears as
a dark band in phase-contrast images and as a large negative peak in
the intensity line scans (100 pixels wide) taken across the channel (see
Supplemental Fig. 4 A). The position of the Allura peak is deﬁned as the
peak’s centroid in the intensity line scans. The width of the stream is taken as
the full width at the half-height of the Allura peak in the intensity line scan
(see Supplemental Fig. 4 C).
Surface modiﬁcation for directed myotube growth
The glass substrate is chemically micropatterned to restrict the areas
available for cell attachment and myotube formation (20,22). Micropatterns
of cell-adhesive microtracks alternating with a cell-repellent coating were
prepared using oxygen plasma etching and elastomeric masks as reported
previously (20,22). Brieﬂy, glass wafers were grafted with interpenetrating
polymer networks (IPNs) of poly(ethyleneglycol) and poly(acrylamide).
Next, PDMS microchannels (30–40 mm wide and 65 mm tall) were used as
masks for etching IPNs to expose bare glass, to which cell attachment-
promoting molecules (poly-D-lysine and growth factor-reduced Matrigel)
were subsequently adsorbed. The microchannels were then removed. The
micropatterned substrate and the microﬂuidic PDMS device were exposed to
O2 plasma (Branson/IPC 2000 barrel etcher, 150 W, 0.75 Torr, 40 s) and
bonded together (23) so that protein micropatterns were aligned orthogonal
to the main channel. To protect the protein pattern from being degraded
by the O2 plasma, the pattern was covered with a slab of PDMS that covers
the protein pattern and seals around it.
Cell culture and reagents
The C2C12 subclone (24) of the mouse myogenic cell line C2 (25) was
purchased from American Type Cell Culture (ATCC, Manassas, VA). All
culture media and reagents were obtained from Life Technologies (Bethesda,
MA) unless otherwise speciﬁed. Matrigel matrix was purchased from BD
Biosciences (Bedford, MA). C2C12 cells were maintained as myoblasts in
Dulbecco’s modiﬁed Eagle’s medium (DMEM) supplemented with 20% fetal
bovine serum (FBS, HyClone, Logan, UT) and 1% penicillin-streptomycin-
fungizone in 10% CO2 incubator at 37C. Cells were enzymatically removed
from the culture ﬂasks at subconﬂuence with 0.25% trypsin and 1 mM
EDTA in Hanks’ Balanced Salt Solution, resuspended in DMEM containing
20% serum, counted in a hemocytometer, injected into the microﬂuidic de-
vices at ;2,000,000 cells/mL, and allowed to attach and spread on the
Matrigel-coated microtracks for 15–30 min before continuous perfusion was
established. Myoblast fusion into myotubes was promoted at conﬂuency by
low-serum differentiating medium (DM) (26) consisting of 2% horse serum
(ATCC) and 1% penicillin-streptomycin-fungizone in DMEM. Typically
within 4 days after switching the medium, myoblasts started fusing into
myotubes, often spanning the entire width (in the x direction) of the channel.
C2C12 cells were allowed to mature for;9–10 days after switching to DM.
Agrin-induced AChR cluster induction and
visualization of AChR clusters and agrin
Agrin (C-terminal fragment, C-Ag3,4,8, molecular weight (MW) ;90 kDa)
was purchased from R&D Systems (Minneapolis, MN). Myotubes were
stimulated with saturating concentration of agrin (;10 nM) (27). The cells
were either immersed in agrin solution in a Petri dish (agrin bath) or
stimulated with a microﬂuidic stream containing agrin. For focal stimula-
tion, the agrin stream was conﬁned by two no-agrin streams under non-
turbulent (laminar) ﬂow conditions. For nonfocal stimulation, the agrin
stream occupied the whole width of the main channel, exposing the whole
length of the myotube to agrin (agrin ﬂooding). Agrin stimulation lasted
either for 18 h or 1 h, after which agrin was withdrawn (agrin bath experi-
ments) or agrin ﬂow stopped (microﬂuidic experiments). Finally, cells were
FIGURE 1 Microﬂuidic cultures of micropatterned C2C12 myotubes.
(A–C) Three-dimensional schematics of the experimental design (left
column) and the corresponding phase-contrast images of the device (right
column). (A) C2C12 myoblasts are introduced into the device through the
inlet channels and allowed to attach to 30–40 mm-wide microtracks of
adhesive proteins (Polylysine/Matrigel, in green); (B) continuous long-term
cell perfusion in the x direction (longitudinal ﬂow) is started (black arrows);
(C) after myotubes are formed (;1.5 weeks), the longitudinal ﬂow is
blocked and orthogonal ﬂow is started to stimulate the cells with a hetero-
geneous stream containing agrin at the center (red arrows) and no agrin on
either side (black arrows). The agrin-containing stream appears red because
a red dye was added to the agrin solution for visualization purposes.
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washed and incubated in agrin-free medium for 6 h (28). Next, the cells were
labeled live with Alexa Fluor 488 and/or Alexa Fluor 594 conjugates of
a-bungarotoxin (BTX, 500 ng/ml, 45 min) (Molecular Probes, Eugene, OR),
which binds with high speciﬁcity to AChRs (29). Excess toxin was washed
off; cells were ﬁxed in 4% paraformaldehyde in phosphate buffered saline
for 15 min at 37C and imaged with an epiﬂuorescence microscope. For anti-
agrin immunostaining, a monoclonal mouse antibody (Agr 247, ab12364,
Abcam, Cambridge, MA) was used (2 mg/ml). If needed, the real width of the
agrin stream during focal stimulation may be inferred from the width of the
red dye stream (see above) as follows. For a spherical molecule, the diffusion
coefﬁcientD is rather insensitive to changes in MW, D; (MW)1/3, and the
mean diffusive path x is not very sensitive to changes in D, x ; D1/2 (30).
Hence we may scale theD of the agrin fragment (MWagr¼ 90,000 Da), Dagr,
from that of albumin (MWalb¼ 67,000 Da, measuredDalb¼ 63 107 cm2/s
(31)), Dagr 5.43 107 cm2/s, and the D of red Allura (MWAllu ¼ 496 Da),
DAllu, from that of a typical molecule of MW ¼ 300–500 Da (32), DAllu 
107 cm2/s. Therefore, the mean diffusive path xagr  (Dagr/DAllu)1/2 3
xAllu  0.43 xAllu, i.e., the diffusion proﬁle of the agrin stream, is expected
to be approximately on the order of 2.5 times narrower than that of Allura.
Imaging and quantiﬁcation of
AChR-clustering activity
Fluorescence and phase-contrast images were acquired on an inverted mi-
croscope (Eclipse TE2000-U, Nikon, Tokyo, Japan) with a charge-coupled
device camera (ORCA-ER or ORCA-HR, Hamamatsu Photonics, Hamamatsu
City, Japan) using commercial imaging software (MetaMorph, Universal
Imaging, Downingtown, PA). Fluorescence images were captured in gray-
scale (12-bit) and stored as 16-bit TIFF ﬁles. To assess the spatial distri-
bution of AChR clusters, we applied a ﬁne grid (10-pixel increment) to
stitched images of myotubes (with the grid lines running orthogonal to the
myotube long axis) and recorded the incidence of AChR cluster within the
grid columns for each myotube. For a given myotube, columns containing at
least a portion of one AChR cluster were assigned a value of 1, otherwise
columns were assigned a value of 0. We then built a map of these 0s and
1s for each microtrack (solid rectangular boxes in Fig. 3, A and B; values
of 1 are represented in black and values of 0 are represented in white).
To obtain a quantitative measure of localization/spread of AChR clustering,
for each microtrack we calculated the mean of the distances of all 1s to the
left microchannel wall (termed ‘‘center of mass’’ of the AChRs (AChR-
CM)) and the width of the region that encompasses 90% of the 1s around the
AChR-CM (termed ‘‘spread’’). All routines were written in MATLAB (The
MathWorks, Natick, MA).
RESULTS AND DISCUSSION
Differentiation of C2C12 myoblasts in microﬂuidic
micropatterned cultures
Shown in Fig. 1 are schematic (left column) and represen-
tative (right column) pictures over the course of a typical
experiment. The design of the microﬂuidic device allows for
perfusion in two orthogonal directions x and y, parallel and
perpendicular to the myotubes, respectively. A large channel
enclosing the cells (main channel) intersects a set of shallow
perfusion channels (Fig. 1 A). The three inlets of the main
channel feed the ﬂow in the y direction (orthogonal ﬂow) and
are used to seed C2C12 myoblasts at the beginning of the
experiment (Fig. 1 A) as well as to generate heterogeneous
laminar-ﬂow streams perpendicular to the cells in the last
phase of the experiment (Fig. 1 C). The cells attach to and
align along the adhesive microtracks of poly-D-lysine/
Matrigel surrounded by protein-repellent matrix (Fig. 1 B;
see Materials and Methods). C2C12 cells are myogenic, i.e.,
they are capable of fusion into long multinucleated myotubes
and expression of muscle-speciﬁc proteins. This differenti-
ation process is enhanced by low serum-containing differ-
entiating medium (DM), which inhibits myoblast
proliferation (26). In our microﬂuidic cultures, after perfus-
ing the cells with DM in the x direction (parallel ﬂow, see
Fig. 1 B) through the perfusion channels over a period of
;1 week, C2C12 cells fuse to form myotubes in the x
direction-oriented microtracks (Fig. 1 C; often two or more
parallel myotubes form on the same microtrack). The cells
were kept in a conventional humidiﬁed incubator under
constant perfusion to avoid hyperosmolarity and acidiﬁca-
tion (common concerns in cell cultures conﬁned to small
environments (33,34)) during the week-long process of
muscle cell fusion (20). To minimize shear stress on the cells
from constant ﬂow, the cells were perfused through 16 high-
ﬂow resistance channels orthogonal to the main channel, i.e.,
parallel to the long axis of the myotubes (longitudinal ﬂow,
see Fig. 1 B and Materials and Methods). No obvious change
in the growth rates and cellular morphology was observed
compared to the traditional agrin bath control cultures (i.e.,
nonmicropatterned and nonmicroﬂuidic, with cells cultured
on glass or on tissue culture polystyrene coated with
Matrigel) that were maintained in parallel with the micro-
ﬂuidic cultures. Estimated shear stresses on the cells due to
either parallel or orthogonal ﬂow (;1.3 3 103 N/m2 and
;7.0 3 103 N/m2, respectively) were ;3 orders of
magnitude lower than the shear stresses known to compro-
mise surface attachment of adherent cells (0.5–10.0 N/m2)
(35) or to affect cell viability, phenotype, metabolism, and/or
protein expression (36,37).
Local induction of AChR clustering
Here we demonstrate a microﬂuidic approach to test the
hypothesis that the focal stimulation of a small area of the
myotube membrane with agrin entices the cell to recruit
AChRs to that area. As shown in Fig. 2, we have used three
experimental schemes that differ in the solutions introduced
in the inlet channels (0 ¼ no agrin, 1 ¼ agrin): A) f000g:
plain DM in all three inlet channels or no-agrin control (Fig.
2 A), B) f111g: agrin-containing medium in all three inlet
channels or agrin-ﬂooding control (Fig. 2 B), and C) f010g:
agrin in the center channel only or focal agrin (Fig. 2 C). In
both the f111g and f010g schemes, a food-coloring dye was
added to the agrin streams for ﬂow visualization (Fig. 1 C).
Because the center inlet channel was designed with higher
ﬂow resistance than the side inlet channels, the agrin stream
occupied only a;100–150 mm-wide portion at the center of
the main channel (equal to;7%–10% of the width of the main
channel). The position and width of the stream varied less
than a few microns per hour (for ﬂow stability measure-
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ments, see Supplemental movie and Supplemental Fig. 4)
and could, in principle, be controlled by varying the relative
hydrostatic pressures and/or ﬂow resistances of the three
inlet channels. For simplicity, in the work presented here the
agrin stream was always positioned at the center of the main
channel; downstream deviations from the exact center were
also stable in time and were attributable to the irregular cell-
based topographies (e.g., Fig. 2 C left image). (The orienta-
tion of the myotubes perpendicular to the ﬂow direction
prevented the chaotic mixing that is typical of microchannels
with surface features (38).) Shown in Fig. 2 are the AChR
labeling results (right column) corresponding to the three
schemes (depicted in the left column). The no-agrin control
(f000g scheme) showed no AChR-aggregating effect (Fig. 2
A). On the other hand, the agrin-ﬂooding control (f111g
scheme, Fig. 2 B) induced the formation of numerous AChR
clusters throughout the entire surface of myotubes, similar to
nonmicroﬂuidic agrin-bath control cultures (see Supplemen-
tal Fig. 5). In the f010g scheme, myotubes responded to this
stimulation by organizing AChRs into discrete clusters
localized to the area where the agrin stream contacted the
myotubes, as observed by AChR labeling (Fig. 2 C). Anti-
agrin immunostaining (Supplemental Fig. 6) did not reveal
agrin on the Matrigel microtracks themselves or on the
surface of the myotubes, possibly because the recombinant
carboxy-terminal agrin fragment (C-Ag3,4,8) that was used
for the ﬂow experiments lacked the N-terminal domains re-
sponsible for interaction with the extracellular matrix (39,40).
Therefore, the amount of agrin that remained associated
with the myotubes can be considered negligible, so it should
be possible to quantitatively correlate the spatial distribution
of AChR clusters with the three-dimensional concentra-
tion proﬁle of agrin surrounding the myotube (e.g., using
confocal microscopy and a ﬂuorescent tracer; efforts are
underway).
To produce quantitative measures of AChR cluster distri-
bution, for each experiment we constructed binary represen-
tations (0 ¼ no clusters and 1 ¼ AChR cluster(s)) of all the
combined AChR-staining images from the whole device
corresponding to myotubes that had been focally stimulated
(Fig. 3 A) or ﬂood stimulated (Fig. 3 B) with 10 nM agrin
solution for 1 h (at 6 h of total experimental time). Microtracks
with no myotubes or with out-of-focus clusters, which con-
stituted only a small part of the collected data, were dis-
carded from the analysis. Each of the microtrack areas ﬁlled
with myotube(s) are schematically represented in Fig. 3, A
and B, as long horizontal rectangular boxes (solid borders),
with the vertical position of each box indicating the real
relative position of the microtrack within the main channel
(y axis). Black color indicates presence of AChR clusters in
the corresponding portion of the myotube. The data show a
gradual increase of the AChR clustering area toward down-
stream, likely due to the broadening of the diffusion proﬁle
of the agrin stream. Fig. 3 C shows the two cumulative
graphs (arithmetic sums of 1s and 0s along the y axis for a
given x axis position) corresponding to all the myotubes in
Fig. 3, A and B (focal agrin and agrin bath in black and gray,
respectively). Taken together, the data represented in Fig. 3,
A–C, clearly demonstrate that 1) after agrin ﬂooding, AChR
cluster localization does not occur; and 2) after focal agrin
application, the vast majority of AChR clusters localize
around the centerline of the microchannel, with considerable
heterogeneity in cluster distribution. To characterize the
spatial distribution, for each microtrack we calculated its
AChR center of mass (AChR-CM, average distance between
AChRs and the left microchannel wall) and the spread of
AChR cluster-containing areas (deﬁned as the length of a
segment containing 90% of all the clusters around the AChR-
CM in a given microtrack). As an example, the AChR-CMs
are indicated as gray marks in Fig. 3 A. The histogram in
Fig. 3 D quantitatively summarizes the distribution of AChR
clusters for a larger number of myotubes from two different
focal agrin experiments (n¼ 41) and a control experiment (n¼
13). The histogram of the AChR spread values correspond-
FIGURE 2 Focal exposure of central regions of C2C12 myotubes to
agrin induces localized AChR clustering. (A–C) AChR aggregation response
of myotubes to three different microﬂuidic stimulation schemes, (A) f000g
(no-agrin control), (B) f111g (agrin ﬂooding or homogeneous stream of
agrin), and (C) f010g (focal agrin), where 0 and 1 indicate the absence and
presence of agrin, respectively, in the three inlet channels that feed the main
channel. The left-column images are phase-contrast micrographs taken
during perfusion in the y direction (arrows denote the ﬂow direction); the
agrin-containing streams appear darker because a food-coloring dye was
added to the agrin solutions for visualization purposes. The right-column
images are ﬂuorescence micrographs of AChR cluster staining (ﬂuorescently
conjugated a-BTX) corresponding to each scheme. White arrows point to
the microclusters (see text).
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ing to focal agrin (n ¼ 41) delivery experiments (black bins
in Fig. 3 D) shows that the majority of AChR clusters are
localized within a short range (mean¼ 283mm,min.¼ 41mm,
SD¼ 213 mm) around the AChR-CM. In contrast, the AChR
spread histogram corresponding to agrin ﬂooding (gray bins
in Fig. 3 D) shows, as expected, that most of the cluster-
containing areas are spread over distances approximating
90% of the width of the microchannel (mean ¼ 1153 mm,
min. ¼ 1018 mm, SD ¼ 67 mm).
We have occasionally observed that AChR cluster local-
ization happens also on short, off-center myotubes that do
not span the whole length of their microtrack (data not
shown), indicating that the myotube center is not inherently
privileged during the clustering process. Some AChR clusters
(,6%) were seen outside of the stimulated area. They were
either spontaneous clusters on short myotubes that did not
intersect with the area of stimulation or small punctate clus-
ters on stimulated myotubes (white arrowheads in Fig. 2 C)
that might be the remnants of preexisting clusters. The
presence of these outliers is in agreement with previous ob-
servations that agrin-independent AChR clusters also form in
the embryo in the absence of innervation (5–8) as well as in
pure myotube cultures using speciﬁc substrates (9–12) (see
Fig. 2 A and Supplementary Figs. 5, A, C, and E, and 6 F for
examples), which indicates that signals other than neural
agrin can trigger the mechanism that leads to AChR cluster
formation. Previous studies have demonstrated that agrin-
independent clusters in randommyotube cultures dissolve and
reform in smaller sizes at random locations when exposed to
agrin baths (41). Investigation of other explanations for the
presence of AChR clusters away from the center of the
channel, such as changes in shape or retraction of myotubes
during the experiment, will require time-lapse imaging and is
underway. Presently, the relative role of these agrin- and
nerve-independent clusters as compared to the agrin-induced
clusters is unknown.
CONCLUSIONS
To study the AChR clustering action of the synaptogenic
molecule agrin, we have developed a microﬂuidic device that
delivers a soluble stimulus to micropatterned myotubes with
subcellular resolution. In essence, our microﬂuidic device
represents an attempt to mimic the presence of the neuron in
the ﬁrst stages of the formation of a neuromuscular synapse.
Even though ﬂow is absent in the synaptic contact, our ap-
proach allows for mimicking local presentation of synapto-
genic molecules and at the same time provides control over
other parameters (location, duration, start, and end time points)
of stimulation that previously could not be controlled simul-
taneously. Our data show that focal microﬂuidic application
of agrin triggers local AChR clustering in C2C12 myotubes.
A 1-h-long focal stimulation with agrin is sufﬁcient to induce
localized AChR clustering. The geometrical arrangement of
the myotubes and their conﬁnement to the precise locations
FIGURE 3 Spatial distribution of AChR clusters induced by focal agrin.
(A, B) Binary maps of AChR clusters (black areas) for representative focal
agrin (A) and control (B) experiments (1 h exposure to 10 nM agrin at 6 h
total experimental time); each rectangular box represents one microtrack.
The maps were produced from high-resolution micrographs of ﬂuorescently
labeled myotubes (such as those in Fig. 2) as described in the text. The x axis
represents AChR cluster position relative to the left microchannel wall for all
analyzed microtracks (with microtrack number in the y axis increasing
toward downstream). In each microtrack, a gray vertical line indicates the
center of mass of all AChRs (average distance between AChRs and the left
microchannel wall) in that microtrack. (C) Plot of the cumulative sum of all
binary cluster counts in (A) (black) and (B) (gray). (D) Spread of AChR
clustering (spread ¼ length of microtrack containing 90% of the clusters
centered around the AChR center of mass) for focal agrin (black) and agrin
ﬂooding (gray) experiments. Black dotted vertical lines indicate the mean
spread for both data sets.
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of a cell culture surface also allow for easy identiﬁcation and
high-throughput monitoring of single myotubes over time,
making a culture readily amenable for quantitative analysis.
The method offers a great control over the magnitude and
spatiotemporal characteristics of the stimulus: it can be
started at and applied for a speciﬁed time, easily removed,
and, in principle, relocated and/or applied at separate dif-
ferent locations simultaneously, opening the way for studies
of competitive stimuli and for more quantitative studies on
AChR clustering dynamics when combined with live
imaging.
SUPPLEMENTARY MATERIAL
An online supplement to this article can be found by visiting
BJ Online at http://www.biophysj.org.
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